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Model calculation of the femtosecond carrier dynamics in Al 4aGao 52AS
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Campinas, SP, Brazil

(Received 28 February 1994; accepted for publication 8 June 1994)

We present a model calculation capable of investigating the dynamics of photoexcited carriers in the
Alg 43Gay 5,As indirect gap semiconductor. Nearly resonant excitation at the I' point produces low
excess energy carriers, so that we use Boltzmann like equations and assume thermalized carrier
distributions for each of the conduction valleys. Some aspects of the carrier dynamics are discussed

and pump and probe measurements are compared to the calculated saturation bleachin

, evidencing

a very good agreement between theory and experlment We obtain a value of 3.5 eV/A for the Dy

- deformation potential.

I. INTRODUCTION

The determination of intervalley scattering rates in GaAs
and associated alloys has been the subject of interest since
the 60’s, due to the fact that it is one of the main processes
of thermal relaxation of hot carriers in semiconductors and,
therefore, plays an important role in studies of carrier dy-
namics and fast devices design. Also the Al,Ga, _,As alloy
has been receiving increasing attention.!™> Optical measure-
ments are the best suited for assessing intervalley scattering,
since presently only these techniques allow for the necessary
time resolution, which is in the subpicosecond range.%’ Most
of these studies have been done on GaAs,” *° using 2.0 eV
excitation, but in this case the nonequilibrium carriers are
created with high excess energies, complicating the model to
be considered and analysis of the data, because many relax-
ation processes must be taken into account for nonresonant
excitation and there are also band anisotropies and nonpara-
bolicities that must be considered for high energy states.

There are various optical studies on the Al Ga; _ As al-
loys in the direct gap region’!! and also on the indirect gap
region;>*>!2 however, despite the amount of theoretical and
experimental works, the dynamical behavior of the nonequi-
librium carriers is not completely understood for this mate-
rial, in particular, the intervalley coupling constants envolv-
ing the I" conduction band and the satellite valleys is not
known with certainty.

We focus our attention on the Al Ga,.,As alloy in the
composition range x>0.45. For an aluminum concentration
greater than 43% this material becomes an indirect gap semi-
conductor with its band gap defined as the difference be-
tween the top of the valence band, at the I" point, and the
minimum of the X valley. In this work we model the physical
conditions of the experiment made by Andrade et al.’ where
the carriers are optically injected very close to the bottom of
the I valley by 2.0 eV photons and, for x=0.48, their excess
energy is about 15 meV. For this low excess energy it is
possible to assume a very fast carrier thermalization!® and
the conduction and valence bands at the I' point are ad-
equately described by isotropic effective masses. Due to their
high density of states, nonparabolicities in the satellite val-
leys are not relevant when the density of photoinjected car-
riers is small.!® Theoretical calculations are compared with
experimental results obtained for an MOCVD (imetalorganic
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chemical vapor deposition) grown alloy with x=0.48 and
show a very good agreement between the experlmental and
calculated differential transmittance curves.

Ii. THEORETICAL MODEL

Recent works™' show that nonequilibrium carriers cre-

ated in the I" valley of GaAs by 2.0 eV photons, with densi-
ties ranging from 5.10' to 10™ cm™3 and initial excess en-
ergies of approximately 200 meV up to 560 meV, gchieve a
quasi-equilibrium regime in time intervals of the order of
50-300 fs. When the quasi-equilibrium is attained this car-
rier population can be conveniently described in terms of its
quasi-temperature and density, so that its time evolution is
calculated by some coupled equations. Other works!*!# show
that, as a result of the same sort of excitation in GaAs, I'
valley carriers have to be considered as thermalized in order
to .explain the observed experimental results that occur
within 1 ps time interval. As indicated by these previous
results and taking into account that we are considering pho-
tocreated pairs with a much lower excess energy (around 15
meV), we argue that the quasi-equilibrium approximation
can be conveniently used to describe our physical picture.
However, carriers having very different wave vectors are
weakly coupled by the Coulomb potential, since it presents a
g~ % dependence in its matrix element (g=|k—K'|). Taking
into account this fact, we assume that each set of satellite
valleys (4L and 3X), and the energy bands at the center of
the Brillouin zone (conduction and valence bands), are char-
acterized by their own quasi-temperatures. All the X elec-
trons are assumed to have a qua51-temperature T%, the L
electrons have a quasi-temperature TC , and the carriers with
wave vectors belonging to the center of the k space, I elec-
trons and holes, have a quasi-temperature 77,

With these assumptions we define four carrier popula-
tions that are represented by distinct distribution functions of

type

1
exp{ Bi{()[E (k) — p;() [} + 1

AT, )] = &)
where the index i is used to distinguish the quasi-tempera-
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tures and quasi-chemical potentials of these four populations.
Their time evolution is determined by the following set of
coupled equations

r . T, r,
aft _oft| | ofe R oR
ot ot Iopt gt |y Ot | 9l
afl",e . ‘ -
o o (22)
¢ Alloy
T,h T.h T,h - .
If” _9fx | ofk l (2b)
at ot | o O (e
X
of _of| L of| | of oSk
FTr ' W B My (2)
¢ t rx ¢ LX t Fr t Alloy
ﬁ:ﬂ t_yf.{;_ +ﬂ +é§ » (Zd)
o oty ol ol 9|y

where the superscripts (I',e), (I,k), (X), and (L) represent
the T" electrons, the holes, the X valley electrons, and the L
valley electrons, respectively. Opt component describes the
carrier injection, through direct absorption, by the optical
pulse; ['X, I'L, and LX indicate the phonon assisted inter-
valley coupling among I', X, and L valleys via intervalley
deformation potential; the Fr term deriotes the intraband in-
teraction of carriers and LO phonons due to the screened
Frohlich potential and, finally, Alloy takes into account the
elastic scattering of carriers by alloy potentlal fluctuations
(or zero-phonon transitions).

We assume that the phonon populations are in equilib-
rium, described by a Planckian distribution with a tempera-
ture that is equal to lattice temperature (T, =300 K), because
we create a low density nonequilibrium carrier population
(about 3.10'® cm ™) that is not able to disturb the phonon
populations far away from its equilibrium state. Following
Adachi®® we describe the two LO phonons dispersion curves
by a single effective one: w,=0.52(wi*%)+0.48(wiy ASA) that
takes into account GaAs-like and AlAs-like phonons for this
aluminum concentration. The zone center phonons, that par-

ticipate in the intravalley processes, have energy fiwyc=40.5

meV and the zone edge phonons, that are related to interval-
ley scatterings, have fiwzp=33 meV*

Each of the interaction terms introduced in (1) (except
the one due to alloy potential fluctuations, that we treat by
the relaxation time approx1mat10n) is represented by rate
equations of the form'®

3’%2 =3 O~ FDIWK K
K -

INT
~ O = fie (O TW(K K}, 3)

where the subscript INT represents each one of the interac-
tions of Eqgs. (2) and W is the quantum transition rate, given
by Fermi’s golden rule and averaged over the phonon (or
photon) énsemble
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Wik k= q) = —2 (k= q|H'|K)| [ v3(E s q— Ex

—ﬁw)+(v+1)6(Ek_q“‘Ek+ﬁW)], 4)

so that v stands for the phonon or photon populations, de-
pending on the interaction considered, and (k+g|H'[k) its
matrix element.

For the intervalley scattering terms we write!’

(D;))*h
-+ ! 2__ i,j
(e qlH 0P =5 )
where D, ; is an effective deformation potential coupling

constant (i and j representing I', X, and L), V is the volume
of the sample, p its density, and w,p the zone edge effective
phonon frequency.

The matrix element of the screened Frohlich potential

islS

KkiQIH'lk)|2'= v ——| =z, (6)

qg-e

such that €. and ¢, are the high and low frequency dielectric
constants, respectively, g is the modulus of the LO phonon
wave vector (g=|k’—k|), and € is the dielectric constant in

2methiwge (11 1
€ €

-the static limit of the random phase approximation.

Intervalley scattering caused by potential fluctuations in
the Al,Ga, _,As alloy is treated in Refs. 12 and 19. Different
from the phonon induced interactions that scatter the carriers
due to periodic potential fluctuations of the ions and the band
structure, the alloys present random fluctuations of potential
that break the translation symmetry, inducing transitions
without the intervention of phonons (zero-phonon). A precise
treatment of this problem is difficult and the virtual crystal
model is usually used (Grein ef al. 1% compare different ap-
proaches to treat the problem). This process is expected to be
weaker than the phonon scattering contributions, 12 50 we de-
scribe alloy scattéring by means of the relaxation time ap-

proximation
| &f;it) __h® —jf:‘(equil) ’ @
Alloy l

where f,(equil) is the Fermi—Dirac distribution function at
the equilibrium and the relaxation time 7 is written following
Kalt ez al.'? a

All 2 1/2
S 3x(1—x)(VE "y)2 HEN o
T 232454 ? ®

where x is the aluminum concentration in the sample, a the
lattice parameter, Ar; the energy difference between the ex-
tremes of the I" valley and the valley designated by i, m; is
the effective mass of the electron in either the X or L valleys,
and VA”°y is the coupling potential for alloy potential fluc-
tuations. Following Kalt ef al'? we consider VAlloy = 110
meV and assume that VAlloy = V‘#ﬂ{,’y, to obtain TX—I ps and

1 =2.2 ps. '

In order to obtain the time evolution of the density of
photoinjected. carriers (N=1/VZ,f}), and also their energy
density (U= 1/VZ,E\f}), we make use of Egs. (2) to write

Rego et al.
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where E| is the energy of the electronic state k.
Because of the threefold degenerace of the X valleys and
the fourfold degenerace of the L valleys we have

v NFXQ* 3N{x, l (10
N =—aNk,, 1)
| ANE=—3NT,, ‘ 12)
N attoy= = 3N Ajtoy = 4N ay105 - (13)

The relation among the kinetic Eqs. (9) and the quasi-
temperatures and quasi-chemical potentials can be found by
differentiating U and N with respect to time, where

1 1 ) -1
U(t)=V§ Ek[exp(m'[ffk“#(t)])+l] , (14)

1 1 -1
‘N‘(t)=‘7§k‘4 {exp(m[f‘?k‘,u(f)])"‘l} . (15)

In doing this we obtain a set of coupled differential equations
to the intensive parameters that is numerically integrated to
give their temporal evolution.

Ill. RESULTS AND COMMENTS

In order to establish a connection between the theoretical
model and experimental data we reproduced the measured
differential transmittance recovery curve obtained in the ex-
periments of Andrade et al’® (Fig. 1). The main feature in the
data is a sudden raise of the transmittance coefficierit, due to
electron-hole pair' generation at the I' point, and its
subsequent-ultrafast (~120 fs time constant) decay, caused
by intervalley scattering of I' electrons to satellite valleys.
The pump pulse has a sech? profile with 90 fs full width at
half maximum (FWHM) and its spectral distribution is ob-
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FIG. 1. Theoretical fitting of the experimental curve obtained by Andrade
et al. (see Ref. 5). The dashed line représents the calculated values and the
solid line the experimental data. It is considered Dyy=3.5 eV/A, Dp;=5.0
eV/A, and D, y=2.4 eV/A.

tained through a Fourier transform. The fitting of the experi-
mental data at delay times longer than 700 fs does not de-
pend on Dpy or D, being affected mostly by the value of
the excess energy of the photocreated pairs. A good agree-
ment between the curves at long delay times is obtained only
for an excess energy of 15 meV, in accordance with the ex-
periment. ' .

Because alloy potential fluctuation scatterings are char-
acterized by time constants of the order of picoseconds, the
transfer rate of zone center electrons to satellite valleys is
mainly determined by nonpolar optical phonon interaction.
Furthermore, XL scattering is a very indirect mechanism to
be realized by the data of Fig. 1, so we consider the results of
Giincer and Ferry,”® and use D y; =2.4 ¢V/A (for an effective
phonon dispersion relation), obtained for the Aly4Gag,As
alloy. v 7

It was observed that a set of Dy and Dy pairs obeying
the relation a(Dry)>+ B(Dr.)?>=1, where a=0.018 and
B=0.044, gives the best agreement between the experimental
and theoretical data. Ulman ez al.'! obtained Dy, =5.0 eV/A
for the Aly;GaggAs alloy through an experiment capable of
measuring only I'L transitions. This value corresponds to an
effective deformation potential that takes into account differ-
ent types of phonons. Considering the works of Zollner
2122 we conclude that this value must be due essentially
to LA and LO phonons. It is also interesting to notice in Ref.
22 that the sum of the intervalley deformation potential con-
tributions due to LO and LA phonons is weakly dependent
on k for a wide range of electron energies. Using Dy; =5.0
eV/A we obtain for the I'X intervalley transition Dpy=3.5
¢V/A. The curves of Fig. 1 show very good agreement be-
tween theory and experiment for Dpy=3.5 eV/A, Dr;=50
eV/A, and D x.=2.4 eV/A. The sensitivity of this fit upon
changes on Dy can be seen in Fig. 2, where we considered
Dry equal to 2.0 eV/A and 5.0 eV/A, maintaining the above
values for Dy and Dy; . As we increase the intervalley cou-
pling, the photoinjected carriers leave the I' valley quicker
and the recovery of the saturation bleaching becomes faster.
Taking into account the I'X intervalley deformation poten-

Rego et al. 3751
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FIG. 2. Sensisivity of the fitting upon changes on Dry. It is considered
Dpy=5.0eV/Aand D;y=2.4 eV/A, Dry is 2.0 eV/A (dotted) and 5.0 eV/A
(dashed). The solid line curve represents the experimental data.

tials calculated by Zollner® for GaAs, we observe that for I'
electrons with very small energies, as is the case in this work
where || is centered around 2.5%10° cm™', the effective
deformation potential we obtain corresponds to the sum of
contributions ascribed to 'LO phonons (Dry;o = 0.75
X Dry = 2.6 eV/A) ‘and TO+TA phonons
(Drx,7==0.25XDrx=0.9 eV/A), revealing a close agree-
ment with the values of Zollner.

From the model calculations, it is possible to obtain fur-
ther insight into the carrier thermodynamical properties. First
we consider the carrier densities, as shown in Fig. 3. We
observe that the density of holes increases with the pump
pulse excitation and remains constant after it has finished.
However, the density of I electrons grows until it reaches a
maximum value, lower than the hole concentration, that cor-
responds to the instant when the rate of carrier generation

{due to direct absorption) is the same as the intervalley scat- -
tering rates. From this time on the density of I' electrons

decreases and the satellite valleys begin to populate. The
intervalley transfer of electrons is directly associated with the

4.0 x T

CARRIER DENSITY (10" cm™

200 400 600 800
DELAY TIME (fs)

FIG. 3. Time evolution of the carrier densities as a function of delay time.
Solid line represents the holes, dotted line the I" electrons, dot-dashed line
the 3 X valleys and long-dashed line the 4L valleys.
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FIG. 4. Carrier quasi-temperatures as a function of delay time for " elec-
trons and holes (solid line), L electrons (dotted line), and X electrons
(dashed line).

time decay of the transmittance curve, as we can see from
Figs. 1 and 3. :

Figure 4 shows the carrier quasi-temperatures as a func-
tion of delay time. Their initial values correspond to a con-
dition in which the system is in thermal equilibrium at room
temperature. An . interesting feature is that the quasi-
temperature of the carriers having wave vectors around the
center of the Brillouin zone decreases, while the pump pulse
strongly interacts with the sample and, afterward, increases
until it attains room temperature. The initial decrease can be
understood since the pump photon energy creates electron-
hole pairs with an excess energy of 15 meV, smaller than the
lattice thermal energy at room temperature. It is possible to
estimate the quasi-temperature of the created electron-hole
pairs using the equipartion law, for a pair with 15 meV ex-
cess energy we have T= ¢/3kp =58 K, where k3 is the Boliz-
mann constant. Effectively, the minimum temperature ob-
served in Fig. 4 is higher than this (=100 K), because the
carriers are also heated due to the absorption of LO phonons
via intravalley polar collisions. On the other hand, we ob-
serve the opposite behavior for the satellite valleys, their
quasi-temperatures raise and then decrease towards room
temperature. This kind of behavior is understood when we
realize that, due to the I" to X (or L) transition, part of the I"
electron potential energy is transformed into kinetic energy.
For a 48% aluminum concentration sample the difference in
energy between the I and X minima is 96 meV and between
I and L, 43 meV.!> We can verify that the kinetic energy
associated - with the maximum of the quasi-temperature
curves correspond approximately to the difference in energy
between I' and X (or L) valleys, minus the zone edge phonon
energy. This argument is able to explain the higher values of
the X quasi-temperature, when compared with those of the L
electrons. After the peak values are reached the quasi-
temperatures decrease due to thermalization with the lattice
by means of intravalley polar collisions with the LO
phonons; the rate of decay of the X quasi-temperature curve
is greater than the one of L because the density of states of a
single X valley is much bigger than that of L, and this mul-
tiplies the possibility of collisions.

Rego et al.



IV. CONCLUSIONS

A model calculation was developed to describe the gen-
eration, and subsequent behavior, of the nearly resonant pho-

toexcited carriers in the Al 4Gajs,As alloy, with indirect
band gap. The occupation rates of the satellite valleys and

vallld 2218 RARALpail 1Al Un UL salliilil Vaudlys alil

the carrier quasi-temperatures were calculated as a function
of time. We get very good agreement between theoretical and
experimental results, so that we obtain an effective I'X cou-

eV/A. For the 'L scatterings we assume Dp;=5.0 eV/A,
following Ulman et al.!* We believe that these ultrafast op-
tical nonlinearities (~120 fs) make the Al Ga,_,As, at the
indirect gap region, an interesting material from the point of

view of ultrafast recovery processes.
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